An in vivo study was conducted to study repair processes in the injured rabbit outflow system. A uniform injury was produced by raising intraocular pressure (lOP) manometrically to 70 mmHg for 1 h. The recovery process, which was followed clinically for 8 weeks and morphologically for 
Repair in the rabbit outflow system
Abstract' An in vivo study was conducted to study repair processes in the injured rabbit outflow system. A uniform injury was produced by raising intraocular pressure (lOP) manometrically to 70 mmHg for 1 h. The recovery process, which was followed clinically for 8 weeks and morphologically for After 60 minutes the reservoir was once again closed to the eye via the two-way tap and the lOP of the eye was allowed to fall to its new resting level. When the lOP was stable, the needle was removed from the anterior chamber. Topical antibiotic was applied to both eyes
Materials and methods

Animals
(1 % chloramphenicol ophthalmic ointment) while the animals were recovering.
The rabbits were examined daily for the first 14 days for signs of inflammation and thereafter they were subjected to clinical examination at least once per week until the end of the experimental period; levels of tissue hyperaemia, vascular injection and aqueous flare were recorded in a standardised manner for experimental rabbits based on slit-lamp examination. 29 The pupil sizes were determined using fine dividers and lOP was measured with an applanation pneumotonometer (Alcon) calibrated for routine use on the rabbit eye. The maximum follow-up period for our study was 8 weeks. (tritiated thymidine only) prior to the animals being killed. The appropriate tissue samples were processed for autoradiography in an identical manner to that previously described.
Morphology
Results
Clinical features
FollOWing the lOP injury there were some mild signs of inflammation including conjunctival hyperaemia, limbal injection and flare in the anterior chamber. The features were at their most obvious between 3 and 6 days and were absent by 14 days. Applanation pneumotonometry showed a significant (paired t-test, p < 0.001) ipsilateral reduction in lOP which was maximal at 7 days. The pretreatment lOP measurements in the experimental eyes were 18.6 ± 2.2 mmHg (mean ± standard deviation), which went down to 8.7 ± 1.6 mmHg.
Thereafter lOP recovered back to normal levels between 6 and 8 weeks. In the contralateral control eyes, there was a moderate (not statistically significant) rise in lOP over the first 4 days which then fell away (Fig. 1 ).
Normal morphology
The rabbit's outflow system is located above the posterior extension of the chamber angle called the ciliary cleft. The meshwork is loosely organised with partial trabecular organisation. 2 8 A plexus of small aqueous-containing vessels, called the aqueous plexus,3 D serves a similar function to Schlemm's canal in primates.
Between the vessels and the meshwork is a juxtacanalicular connective tissue aCT) comparable in structure, if not extent, to that in the primate. Following intravitreal injection of tritiated thymidine for either 24 or 48 h prior to enucleation there was no evidence of incorporation of thymidine into the nuclei of meshwork cells, endothelial cells of the aqueous plexus of vessels or into the cells of the pectinate ligaments, despite careful scrutiny of at least 12 levels of section around the 3600 of tissue available for each of 6 eyes. Twenty-four hours after the intravitreal injection of tritiated proline, labelling in the normal meshwork was modest (Fig. Sa, column 0) .
Morphology: Immediate damage
The immediate effect of 70 mmHg lOP for 1 h was to produce large deficits in the meshwork tissues which could be seen clearly by scanning electron microscopy ( Fig. 2a) . Light microscopy and transmission electron microscopy revealed that cell-to-cell connections had been lost (Fig. 2b) . Extracellular material (ECM) within the trabeculae was disorganised and disrupted. Some ECMs were scattered throughout the meshwork and deposited in the intertrabecular spaces. Many of the smaller vessels of the aqueous plexus were occluded and the larger ones had deficits in their endothelial lining. The JeT beneath the vessels was distinguished by dilated extracellular spaces containing little or no ECM.
Morphology: 1 to 4 days recovery By day 1, the disrupted and disorganised tissues of the meshwork contained polymorphonuclear leucocytes and occasional macrophages. On the second day, the polymorphs were beginning to degenerate and some were phagocytosed by native meshwork cells and also by incoming macrophages which were now entering the tissue in substantial numbers (Fig. 3b, c) . The endoplasmic reticulum of the meshwork cells was prominent and dilated ( Fig. 3d) (Fig. 3a) but, on the basis of grain counts, was about twice the incorporation seen in injured controls (Fig. Sa) .
By the 4 day recovery time period, polymorphs were rare but infiltrating macrophages were plentiful. The bulk of the meshwork cell population had activated nuclei with an abundance of euchromatin and an absence , .
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" "0 � .. of heterochromatin (Fig. 4a) . Rough endoplasmic reticulum was well developed and obvious within the cytoplasm of most meshwork cells. A number of meshwork cells were seen to be dead or dying. The cells exhibited the two well-known forms of cell death: necrosis and apoptosis. Some cells had grossly swollen karyolytic nuclei, swollen organelles and exhibited cytoplasmic rarefaction (Fig. 4b) , the classical features of necrotic death, whereas others had shrunken pyknotic nuclei (Fig. 4a) with limited organelle changes and other features more in line with apoptosis.
By 4 days tritiated thymidine labelled the nuclei of some cells within the meshwork area but it was difficult in this tissue, infiltrated with inflammatory cells, to determine whether or not some of the labelled cells were native meshwork cells. The tritiated proline incorporation at 4 days was similar to that seen at 2 days (Fig. Sa) .
Morphology: 7-14 days recovery
During the 7-14 day period of recovery, the meshwork cells still had well-developed rough endoplasmic reticulum and nuclei with little heterochromatin (Fig. 6) . The Golgi apparatus was pronounced, mitochondria were distinctive, coated vesicles were common and lysosomal inclusions were scattered in the cytoplasm.
The activated cells often had distinctive aggregated bundles of 4-6 nm actin microfilaments situated towards the cell base and running with the long axis of the cell (Fig. 6a) . The activated meshwork cells were sometimes elongated and spindle-shaped and there was less evidence of rounding up, which had been a common feature at earlier stages of recovery (Fig. 6b) . The meshwork was still disorganised and occasional lysed cells were still noted up to 14 days.
Throughout the angular region there was a high incidence of cells which had incorporated tritiated thymidine into their nuclei. Up to 8-10% of cell nuclei in the central region of the meshwork were positively labelled (Fig. 7, insert b) . Careful examination of the positive cells indicated it was likely that the majority were invading macrophages, although their numbers were much in decline. Some labelled nuclei were possibly meshwork cells, based on their elongated morphology and association with trabecular ECM, but such identification was not entirely sound and a level of tissue disruption still remained which made it hard to distinguish between labelled cells with any high degree of confidence. It was at the 7 and 14 day time periods that incorporation of tritiated proline was at its highest (Fig.  Sa) . The grain counts at 7 and 14 days were much the same but they were 5 times the level found in the control, uninjured meshwork specimens.
Morphology: 4-6 weeks recovery
Macrophages were virtually gone from the tissue by 4 weeks and were absent by 6 weeks. Well-organised trabecular structures were re-established by 4 weeks (Fig. 8) and generally throughout the meshwork effective cell-to-cell associations were in place. By 6 weeks, gap junctions became evident between many of the cell contacts (Fig. 9) .
Throughout this period the meshwork cells were losing their activated appearance. At 4 weeks rough endoplasmic reticulum, mitochondria, Golgi vesicles and lysosomal structures were less in evidence. On the other hand, aggregates of actin microfilaments were still in evidence and many cell nuclei were still electron-lucent due to paucity of osmiophilic heterochromatin. However, by 6 weeks, aggregated cytoplasmic microfilaments were rare and heterochromatin was more prevalent in the nuclei. By 4 weeks, the endothelium of the vessels of the aqueous plexus was without obvious deficits and the JCT tissue had re-established the ECM content of its extracellular spaces (Fig. 10) .
Also at 4 weeks it was possible, with the absence of infiltrating inflammatory cells, to show convincingly that some native meshwork cells were incorporating tritiated thymidine into their nuclei, and in excess of 24 silver grains per nucleus was considered beyond just being DNA repair (Fig. 7 and inserts a and c) . Such cells were identified in the JCT (Fig. 7 insert a) and part of the interlinking network of cells that form the loose trabeculae (Fig. 7 insert c) . The 2 animals labelled for 24 h and the 1 labelled for 48 h with intravitreal tritiated thymidine at the 4 week time period all had much the same incidence of labelled nuclei. There were between 2 and S labelled nuclei per meridional section of meshwork which gave a labelling index of around 2.5-3.5%. Nuclear labelling at 6 weeks could be identified but, by then, it was extremely hard to find. Tritiated proline incorporation at 4 weeks had dropped to half that seen during the 7 and 14 day periods (Fig. Sa) . However, at 4 weeks, tritiated proline was clearly seen to be associated with the cytoplasm of meshwork cells (Fig. Sb) . 
Discussion
Injury to the outflow system
The present study investigated a 'repair model' in the rabbit which produced lOP / flow-induced damage to the outflow system. The lesion was uniform around the 3600 of the chamber angle and was distinguished by extensive loss of cohesion between meshwork cells, dispersion of ECM materials and damage to the vessels of the aqueous plexus. A trabeculitis developed over the next few days in which polymorphs were prominent initially and then macrophages dominated.
The lOP in the eyes with the injured outflow system dropped by over 50% in the first week of recovery but then gradually climbed to normal over the next few weeks. Separate experiments (not reported here) showed that the gross facility of outflow, elevated while rop was low, was back to normal by the sixth week of recovery. Functional normality coincided reasonably well with the re-establishment of normal tissue architecture and anatomy, which was between 4 and 6 weeks.
We have reported an injury model where the repair activity of the invading cells and native meshwork cells is sufficiently robust to establish a functionally and structurally normal outflow system. During the repair process we were able to show that meshwork cells became activated, probably synthesised at least some of the replacement ECM and proliferated to replace losses. As such our experimental system differs from findings from other trauma situations like those caused by trabeculectomy, trabeculotomy and ciliary muscle disinsertionl-4 where repair in general and repair activity by meshwork cells specifically is far more limited. The crucial difference might be the lack of an effective migratory scaffold following severely destructive injury.l Without a scaffold or effective substrate, the biological range of activities that meshwork cells could undertake would be severely curtailed; so, by this means, repair activity becomes self-limiting.
That both necrotic and apoptotic cell death was seen in the meshwork following the lOP/flow lesion was surprising. A trauma/inflammation experimental system of the type used in this study usually is considered to be associated with necrotic death?1 It is likely, however, that the two processes of cell death occur within the same lesion together more often than we suspect. Recently, for example, within the eye literature it was reported that necrosis and apoptosis were both in evidence after experimental lens extraction? 2 In our model, we visualised necrotic events far more often than apoptotic ones, but given the speed with which apoptotic debris is removed from its surroundings31 it is unsafe to assume that our lesion is dominated by necrosis.
Activation of meshwork cells
Activation of meshwork cells seems to be a universal response of these cells to injury or irritation stimuli ranging through surgery,l-4 laser,19 phagocytic particle insult/,5-9, 2 4 noxious agents1 2 -14,33 to some in vitro culture conditions.1O,34 It has been associated particularly with a heightened metabolic state needed for the phagocytosis of debris entering the meshwork.1,6-8 Indeed meshwork cell activation was first reported by Rohen and Van der Zypen6 after they had induced meshwork cells to phagocytose non-organic materials. There was some evidence of meshwork cell phagocytosis in this study but not a lot.
On the other hand, the presence of numerous activated meshwork cells did fit reasonably well with the rise in the incorporation of tritiated proline. The highest grain counts for tritiated proline were at 7 and 14 days, the time period when activated meshwork cells were most notable. Incorporation into inflammatory cells also took place but at 14 days their numbers were very much on the wane and at this point incorporation appeared to be at its highest.
It seemed to us that in the lOP/flow injury model, meshwork activation was more to do with an up regulation of ECM synthetic activity than with the clearing up activity of phagocytosis. Tritiated proline is a constituent of collagens and other ECM materials and its more avid incorporation into the cells of the outflow system following injury might be indicative of ECM repair, especially as much of the ECM in the meshwork and JCT was re-established 6 weeks after injury. We know that meshwork cells do synthesise collagens and previously we have investigated the process of incorporation of tritiated proline into different collagen types by bovine meshwork cells in vitro?4 Tritiated glucosamine and 35S-sulphate have been used as tracers to provide autoradiographic evidence that sulphated glycosaminoglycans are produced by meshwork cells in We did consider that the Kempel and Johnson labelling figure was too high based on studies other than our tritiated thymidine results from this investigation. transforming growth factor beta. 5 2 They serve to highlight how little we still know about the control of meshwork cell numbers in vivo.
Conclusion
It is accepted that the present injury model is far removed from the pathobiological events which are associated with primary open-angle glaucoma? 5 , 2 6 However if, as is suspected, increase in or maintenance of meshwork cell numbers is a future potential therapeutic direction in the management of lOP, then the model, and others of a similar type, may give important insights into the proliferation control mechanisms and repair capabilities of meshwork cells.
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